Abstract-Photodegradation rates of five pharmaceuticals (gemfibrozil, ibuprofen, ketoprofen, naproxen, and propranolol) and of four estrogens (estriol, estrone [E 1 ], 17␤-estradiol [E 2 ], and 17␣-ethinylestradiol [EE 2 ]), which are common contaminants in the aquatic environment, were measured in both purified and river water at environmentally relevant concentrations (1-2 g/L) and different oxygen concentrations. Solutions were irradiated with a xenon arc lamp (765 W/m 2 ; 290 nm Ͻ Ͻ 700 nm) and analyzed using a high-performance liquid chromatography-tandem mass spectrometry method with electrospray ionization for pharmaceuticals and atmospheric pressure photoionization for estrogens. In river water, half-lives were 4.1 h for ketoprofen, 1.1 min for propranolol, 1.4 h for naproxen, 2 to 3 h for estrogens, and 15 h for gemfibrozil and ibuprofen. In air-saturated purified water, rates generally were slower except for that of ketoprofen, which reacted with a half-life of 2.5 min. Naproxen, propranolol, and E 1 reacted with half-lives of 1.9, 4.4, and 4.7 h, respectively. The EE 2 , estriol, E 2 , gemfibrozil, and ibuprofen reacted with half-lives of 28.4, 38.2, 41.7, 91.4, and 205 h, respectively. The presence of oxygen doubled the direct photolysis rates of naproxen and propranolol. In nonautoclaved river water, 80% of E 2 rapidly biotransformed to E 1 within less than 20 min, whereas all other compounds remained stable over 22 h.
INTRODUCTION
The presence of pharmaceuticals and hormones in sources of both surface and drinking water is a growing environmental concern. These compounds are being released to the aquatic environment from wastewater treatment plants [1, 2] and have been found in samples of surface water, groundwater, and even drinking water. In sewage, treated effluents, and rivers, concentrations of pharmaceuticals typically are in the low g/L range [3] [4] [5] [6] [7] [8] . Estrogen concentrations generally are lower, usually less than 10 ng/L [8] [9] [10] [11] [12] [13] [14] . Research has demonstrated the biological effects of these contaminants; thus, they are considered to be potentially harmful to both humans and aquatic life.
So far, few studies [1, 3, 4, 8, [15] [16] [17] [18] [19] [20] have addressed the transport and environmental fate of pharmaceuticals and estrogens in surface water, mainly because these compounds are relatively polar, occur at very low concentrations, and are difficult to detect. Several laboratory studies [9, [16] [17] [18] have demonstrated sorption and biotransformation of estrone (E 1 ), 17␣-ethinylestradiol (EE 2 ), and 17␤-estradiol (E 2 ) in various water and sediment samples. Buser et al. [19] and Tixier et al. [19] suggested removal of ibuprofen and its metabolites by sorption to particulate matter or biotransformation in lakes and wastewater treatment plants as an important loss process.
Photochemical degradation is one of the potentially significant removal mechanisms for estrogens and pharmaceuticals in aquatic environments. A laboratory study indicated that E 2 and EE 2 (at 100-500 g/L) are slightly susceptible to phototransformation, with a half-life of approximately 10 d [17] . In a Swiss lake, diclofenac, naproxen, and ketoprofen, which are nonsteroidal anti-inflammatory drugs, were photochemi-* To whom correspondence may be addressed (reinhard@stanford.edu).
cally eliminated [4, 19] ; for diclofenac, elimination was relatively rapid (t 1/2 Ͻ 1 h). Laboratory studies using sunlight and mercury-vapor lamps on pharmaceuticals have shown that diclofenac, naproxen, clofibric acid (lipid regulator), and propranolol (␤-blocker) are susceptible to photodegradation in samples of both distilled and river water. The reported rates vary widely, with half-lives ranging from less than 1 h for diclofenac in a lake to 16.8 d for propranolol [21, 22] . The reasons for these differences in photolysis rates can be attributed to differences in compound photoreactivity, the aquatic matrix, and the strengths and types of the irradiation sources. Most rate data were obtained in the concentration range of 0.1 to 15 mg/L, which is several orders of magnitude above typical environmental concentrations. The present study examined photolytic transformation at concentrations and conditions typical for effluent-impacted surface water.
In the aquatic environment, photodegradation may occur via two principal processes: Direct and indirect photolysis/ photosensitization. Direct photolysis involves light absorption by the chemical itself, leading to bond cleavage. Indirect photolysis occurs via light absorption by photosensitizers, the most important of which are dissolved organic matter (DOM), nitrate, and nitrite. The objective of the present study was to measure photodegradation rates of selected pharmaceuticals and estrogens in surface water at environmental concentrations (1-2 g/L). We selected five representative pharmaceuticals (gemfibrozil, ibuprofen, ketoprofen, naproxen, and propranolol) and four estrogens, including the natural steroid estrogens estriol, E 1 , and E 2 and the synthetic E 2 -derivative EE 2 , because they are commonly detected in wastewater and impacted surface water. The analytical approach relied on high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS). The three interfaces most widely used for the analysis of pharmaceuticals and estrogens are electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI), and a dopant-assisted atmospheric pressure photoionization (APPI). All three interfaces have been used to analyze pharmaceuticals [25, 26] . To our knowledge, only the use of ESI (negative mode) and APCI (positive mode) has been reported for estrogens. Experimental setup was designed to simulate relevant surface-water conditions. Measurements in purified and Santa Ana River (Orange County, CA, USA) water [3] were conducted to examine the significance of direct and indirect photolysis for each compound. Oxygenated, aerated, and heliumpurged systems were used to examine the effect of oxygen. A HPLC-MS/MS method using ESI for pharmaceuticals and APPI for estrogens was developed to investigate transformation rates in the concentration range of 0.01 to 2 g/L.
MATERIALS AND METHODS

Chemicals and materials
Purified water was prepared using a Milli-Q (Millipore, Molsheim, France) system. Of the compounds studied (Table  1) , gemfibrozil, ibuprofen, ketoprofen, and naproxen were purchased from Sigma (St. Louis, MO, USA), and propranolol was purchased from Alltech (Deerfield, IL, USA). The E 2 was obtained from Sigma, and the estriol, E 1 and EE 2 were obtained from Aldrich (Milwaukee, WI, USA). The HPLC-grade methanol (ultraviolet [UV] cutoff, 205 nm) was purchased from Fisher Scientific (Tustin, CA, USA), and the HPLC-grade toluene (99.8%) and ammonium acetate were purchased from Sigma-Aldrich (Bellefonte, PA, USA). The p-nitroanisole, pnitroacetophenone, and pyridine (purity, Ͼ99%) were purchased from Aldrich. Formic acid (purity, 95%) was acquired from Chem Service (West Chester, PA, USA). Santa Ana riverwater samples were filtered using nylon membranes (pore size, 0.45 m) from Sigma-Aldrich.
Photoreaction setup
Irradiations were conducted in a photosimulator (Suntest CPSϩ; Atlas, Chicago, IL, USA) equipped with a 1.1-kW xenon arc lamp having a total exposure area of 560 cm 2 . Special inner and outer glass filters were fitted to remove UV wavelength transmission below 290 nm (total passing wavelength, 290 nm Ͻ Ͻ 700 nm). Irradiation intensity, measured by an internal radiometer, was maintained at maximum 765 W/m 2 for all compounds except ketoprofen, which was irradiated only at 250 W/m 2 because of its higher reactivity. Temperatures of the chamber and the solution were monitored using thermocouples. Solutions of selected pharmaceuticals and estrogens with initial concentrations of 1 to 2 g/L were made in purified (Milli-Q) water and in filtered Santa Ana river water (dissolved organic carbon, 4.6 mg/L; pH 7.5; nitrate, 22.3 mg/L). The 10-ml samples were kept in capped cylindrical quartz tubes (outer diameter, 18 mm; inner diameter, 15 mm; volume, 20 ml, Quartz Scientific, Fairport, OH, USA) and placed directly below the lamp horizontally in the photosimulator. The reaction temperature was maintained at 20 Ϯ 1ЊC (Ϯ SD). Two-hundred microliters of each sample were withdrawn at selected intervals and analyzed by HPLC-MS/MS. Experiments were performed in air-saturated river water and in Milli-Q water saturated with either helium, air, or oxygen. Helium (99.999%) or oxygen (99.6%) obtained from Praxair Distribution Gas (Santa Clara, CA, USA) was used to purge the solutions and to fill the headspace. Actinometry was performed using the method described by Dulin and Mill [27] . The actinometer p-nitroanisole-pyridine was run in parallel with compounds that have half-lives of 2 to 5 h, and p-nitroacetophenone-pyridine was used for compounds that have longer half-lives (Ͼ1 d).
Ultraviolet/visible absorption spectra were obtained using a UV-VIS Spectrophotometer (UVIKON; Bio-Tek Instrument, Winooski, VT, USA). The pH of pharmaceutical and estrogen solutions in Milli-Q water was adjusted to 7.0 using sodium hydroxide.
HPLC-MS/MS analysis
Analyses were carried out using a Shimadzu HPLC system consisting of a SIL-10ADvp autosampler and a LC-10ADvp LC pump (Columbia, MD, USA). Chromatographic separation was performed using a reversed-phase C18 column (length, 50 mm; inner diameter, 2.1 mm; film thickness, 5 m; Higgins Analytic, Foster City, CA, USA). Detection was carried out by a Sciex API 3000 triple-stage quadrupole mass spectrometer (Applied Biosystems, Toronto, ON, Canada) using ESI and APPI interfaces. Nitrogen was generated by a Parker-Balston nitrogen generator system (model N2-4000); compressed air was generated by a Parker-Balston zero-air generator (model 76-818) and a Parker-Balston air dryer (model 64-01; Tewksbury, MA, USA).
The mobile phases and the mass spectrometer parameters used are given in Table 2 . The flow rates were 0.1 ml/min (for APPI) and 0.2 ml/min (for ESI), with an injection volume of 50 l. Toluene was used as a dopant at a flow rate of 10 l/ min for APPI.
The MS/MS parameters were optimized in continuous-flow mode. First, the declustering potential, collision energy, and collision cell exit potential were optimized to isolate each individual precursor ion, followed by optimization of the nebulizer pressure, ion-spray voltage, and drying gas temperatures. The mass spectrometer was operated in multiple reaction-monitoring transition mode, with high resolution on the first analyzer and unit resolution on the second. A dwell time of 200 ms per monitored ion pair was used. Table 3 summarizes the major multiple reaction-monitoring transition used and the individually optimized operating parameters.
Quantification
Stock solutions (1 g/L) of each standard were prepared in methanol and diluted in Milli-Q water. For all analytes, eightpoint calibration curves were constructed using a least-squares linear-regression analysis from the direct injection of standard solutions. Limits of detection, representing the lowest concentration detected, were determined experimentally from the lowest standard concentration (0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 2, and 20 g/L) in the linear range with a minimum signalto-noise ratio of 3. Limits of detection are 0.01 for gemfibrozil; 0.02 for ibuprofen, propranolol, E 2 , and EE 2 ; 0.05 for naproxen, estriol, and E1; and 0.2g/L for ketoprofen; correlation coefficients were greater than 0.998 in all cases. The response in river water was not significantly different from that of Milli-Q water; therefore, the same calibration curves were used. The ESI method allowed detection of target pharmaceuticals through direct injection at levels (10-200 ng/L) comparable to reported values [25] . The APPI method allowed detection of the four estrogen compounds through direct injection at a level (20-50 ng/L) comparable to or better than limit of detection reported using APCI or ESI [25] . Figure 1 shows the UV/visible absorption spectrum of target compounds in the wavelength range of 250 nm Ͻ Ͻ 350 nm at pH 7. Above 350 nm, absorbance was insignificant in all cases. The absorption spectrum of E 1 closely resembles those of E 2 , estriol, and EE 2 . Except gemfibrozil and ibuprofen, all the tested pharmaceuticals absorb at wavelengths above 290 nm, with naproxen absorbing up to 340 nm and propranolol absorbing most strongly, with a max at 291 nm.
RESULTS AND DISCUSSION
Transformation rates by direct photolysis were determined in Milli-Q water at pH 5.5. The effect of pH on the photolysis Environ. Toxicol. Chem. 24, 2005 A.Y.-C. Lin and M. Reinhard rate constants was evaluated for two compounds, gemfibrozil and naproxen (both have a pK a of ϳ4.7). Results indicated that photolysis rates were unaffected by raising the pH to 7.5 (data not shown). Table 4 summarizes the photolysis rate constants (k p ) and quantum yield values (⌽) determined in Milli-Q, oxygenated, aerated, and helium-purged water for the nine target compounds in the present study as well as from data available in the literature (both t 1/2 and ⌽). Our ⌽ values for naproxen and propranolol in Milli-Q water agree within Ϯ60%. When reported ⌽ values were not available, k p values were compared instead. Our k p results agree within a factor of three for most of the compounds except ibuprofen. In this case, the reported rate is 20-fold faster [21] . The faster rate observed in that study was attributed to a leaky filter and exposure to wavelengths below 290 nm (see footnotes in Table 4 ). The observed discrepancies in the remaining cases likely result from differences in irradiation source and power, aqueous matrix, or initial concentration of the compounds. Literature data reported for propranolol, E 2 , and EE 2 are the extrapolated photolysis rates at specific environmental conditions (see footnotes in Table 4 ).
One set of samples was not irradiated and served as a control for biotic transformation and system losses (data not shown). Losses in the controls were insignificant except for E 2 in the nonautoclaved sample. In that case, E 2 transformed to E 1 within 20 min (see below). Therefore, river water was autoclaved before the photolysis experiments.
Direct photolysis
In Milli-Q water at 765 W/m 2 , the observed half-lives ranged from 1.9 h for naproxen to 200 h for ibuprofen. Ketoprofen, the most reactive compound tested, reacted too fast , it photolyzed with a half-life of 2.5 min. Naproxen, propranolol, and E 1 transformed with half-lives of 2 to 5 h, whereas ibuprofen, gemfibrozil, and all other estrogens (except E 1 ) did not photodegrade significantly under these conditions.
The fast direct photodegradation of ketoprofen can be explained by the fact that the carbonyl moiety is in conjugation with two aromatic rings. When the carbonyl is highly conjugated, the energy of the n-* transition is lowered, resulting in a very reactive triplet state.
Consistent with their strong absorption bands at a value greater than 290 nm, naproxen, propranolol, and E 1 underwent rapid photolysis with half-lives of 1.9, 4.4, and 4.7 h, respectively. Even though other estrogens have absorption spectra closely resembling that of E 1 , their direct photolysis rates were comparatively slow, with half-lives ranging from 30 to 40 h. The higher rate of E 1 is attributed to the carbonyl group, which likely is excited to its triplet state. Ibuprofen and gemfibrozil did not absorb at wavelengths above 290 nm and, thus, were stable. The rate of direct ibuprofen photolysis measured for 22 h is zero (95% confidence level). The small, but nonzero, photolysis rate constant for gemfibrozil may have resulted from incomplete blocking of wavelengths below 290 nm by the filter used in the sunlight simulator. This finding is consistent with the manufacture's specifications, which indicate a small, but measurable, amount of irradiance at wavelengths below 290 nm. Therefore, ⌽ values for ibuprofen and gemfibrozil are not reported.
Because test compounds were added in methanol stock solutions, which resulted in concentrations that were relatively high (2.5 ϫ 10 Ϫ5 M), the effect of methanol on rates was studied. Results showed that methanol does not affect direct photolysis except for that of ibuprofen. The rate of ibuprofen photolysis was 0.02 Ϯ 0.002 h Ϫ1 in Milli-Q water but was unmeasurable (0.003 Ϯ 0.003 h Ϫ1 ) in the presence of methanol. Rates measured in river water were not affected by the presence of methanol.
Effect of oxygen
Photolysis rates at different oxygen concentrations were determined for the compounds that underwent measurable direct photolysis (ketoprofen, naproxen, propranolol, and E 1 ). For naproxen and propanolol, rates increased with increasing oxygen content, whereas for ketoprofen and E 1 , no effect was observed. Compared to those in aerated water, rates of naproxen and propranolol in oxygen-saturated water doubled, and the rate of naproxen decreased by approximately 30% in helium-purged water. The mechanism of oxygen is unclear but merits further investigation. A related study [28] has shown that the presence of oxygen can enhance the photodecarboxylation of naproxen. In the case of ketoprofen, the large uncertainty in rate precludes evaluation of the oxygen effect. It can be speculated that the overall effect of oxygen is the sum of two opposing effects: The enhancement of photodecarboxylation, and the quenching of the triplet state.
Photolysis rates in river-water samples
Photolysis rates in river water generally were faster than those in Milli-Q water except for that of ketoprofen, which was 33% slower in river water. In river water, ibuprofen and gemfibrozil had half-lives of 15 h, whereas rates in Milli-Q water were not measurable. The rest of the compounds photolyzed with half-lives in the range of 1 to 3 h. The accelerated photolysis rates were attributed to photosensitization by DOM in the river-water samples. Dissolved organic matter has been demonstrated to act as a precursor for photoreactive species, which enhance the overall rate of photolysis for the majority of the target compounds. However, depending on the structural properties, DOM also can retard the reaction by competing for photoreactants, acting as an optical filter, or acting as a quencher, if it has lower excited-state energies [23, 29] . The latter may explain slow rates of ketoprofen.
Biotransformation of E 2 to E 1
The E 2 was rapidly (80% within Ͻ20 min) transformed to E 1 after being spiked into river water in the nonautoclaved dark control. This transformation did not occur in either the Milli-Q water or autoclaved river-water samples, indicating that the transformation most likely is a biological process. Nearly 100% of E 2 was biotransformed to E 1 in a 2-d experimental period (data not shown). This finding agrees with reported results from a river-water study [17] in which E 2 was found to biotransform to E 1 both aerobically and anaerobically, with half-lives of 0.2 to 9 d. In agreement with the present study, Ternes et al. [30] observed a similar transformation rate at the low concentration of 1 g/L, which is faster than that at 1 mg/L.
Extrapolation to environmental conditions
The intensity of light (765 W/m 2 ) under the xenon arc lamp used was nearly identical to that of midday, midsummer sunlight in California (USA; California Irrigation Management Information System [CIMIS], http://wwwcimis.water.ca.gov/ cimis/welcome.jsp). Summing the hourly data from the CIMIS, a day of midsummer sunlight in California is approximately equivalent to 8 h of irradiation time under the xenon lamp.
Extrapolating the half-lives measured in river water to surface-water conditions suggests that photodegradation is a potentially significant removal process for all the target compounds measured. Half-lives from photolysis in the Santa Ana River water were all less than 15 h of irradiation time, or 2 d of continuing California midday sunlight.
The data presented here do not account for the light attenuation in the water column and other site-specific factors. However, the effect of photodegradation on target compounds should be considered, especially in shallow, clear water (where less sunlight attenuation occurs) and under strong irradiation [21] . Naproxen was studied under sunlight with initial concentration of 50 M. Extrapolating the rate to 30Њ latitude, naproxen has a half-life of 1.3 h in summer sunlight, and of 3 h in winter sunlight. Ibuprofen was studied under medium-pressure mercury-vapor lamp (fivefold more intense than sunlight) having initial concentration of 75 M. It is indicated that borosilicate incompletely blocks wavelengths less than 290 nm. c Lower irradiance of 250 W (instead of 765 W) was used because of the rapid photolysis rate. d Andreozzi et al. [22] . Propranolol was studied under sunlight, and its photolysis half-life is taken from Figure 2a of Andreozzi et al. [22] in summer at the lowest latitude (20ЊN). e River water samples were autoclaved before the experiments. f Jurgens et al. [17] . Both 17␤-estradiol and 17␣-ethinylestradiol were irradiated using a filtered xenon arc lamp. Photolysis rates using an initial concentration of 100 g/L have been extrapolated to British summertime daylight.
conditions like those in California. In a Santa Ana River study by Gross et al. [3] , river flow over 11 km (flow rate, 1.6 km/ h) resulted in 67% attenuation for gemfibrozil and almost 100% for ibuprofen, ketoprofen, and naproxen. The extent to which photolysis contributes to the removal of these compounds in the Santa Ana River and in surface waters impacted by effluent discharge may be significant but requires site-specific investigations. Under Santa Ana River conditions (in the absence of other significant removal processes), direct photolysis is expected to be the major loss pathway for ketoprofen; for naproxen, propranolol, and E 1 , both direct and indirect photolysis likely are important. For the rest of the targeted compounds, indirect photolysis is expected to be the main photodegradation pathway; persistence depends greatly on the photosensitizer that is present, such as DOM. In a similar study, Andreozzi et al. [22] have shown that humic acids in river water sensitized the photolysis of propranolol, whereas nitrate did not. Environmental estrogen concentrations generally are lower (Ͻ10 ng/ L) than those used in the present study. Therefore, extrapolation of the data presented here to a specific site should be done with caution, because matrix effects at these extremely low concentrations remain to be studied.
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